ABSTRACT: The USA and Mexico have initiated comprehensive assessment of 4 of the 18 aquifers underlying their 3000 km border. Binational management of groundwater is not currently proposed. University and agency researchers plus USA and Mexican federal, state, and local agency staff have collaboratively identified key challenges facing the Santa Cruz River Valley Aquifer located between the states of Arizona and Sonora. The aquifer is subject to recharge variability, which is compounded by climate change, and is experiencing growing urban demand for groundwater. In this paper, we briefly review past, current, and projected pressures on Santa Cruz groundwater. We undertake first-order approximation of the relative magnitude of climate change and human demand drivers on the Santa Cruz water balance. Global circulation model output for emissions scenarios A1B, B1, and A2 present mixed trends, with annual precipitation projected to vary by ± 20% over the 21st century. Results of our analysis indicate that urban water use will experience greater percentage change than climate-induced recharge (which remains the largest single component of the water balance). In the Mexican portion of the Santa Cruz, up to half of future total water demand will need to be met from non-aquifer sources. In the absence of water importation and with agricultural water use and rights increasingly appropriated for urban demand, wastewater is increasingly seen as a resource to meet urban demand. We consider decision making on both sides of the border and conclude by identifying short-and longer-term opportunities for further binational collaboration on transboundary aquifer assessment.
INTRODUCTION
The objective of this study is to analyze potential implications of climate change and human demand for water on the groundwater balance of the Santa Cruz Valley Aquifer in the USA−Mexico border region. The Southwest USA and adjoining Northwest Mexico, which already experience water scarcity, are ex pected to become drier over the 21st century (Karl et al. 2009 ). The variability of precipitation has led Diffenbaugh et al. (2008) to identify this region as a 'climate change hotspot'. Groundwater aquifers, as a result of the projected declines and greater variability of surface water, are expected to experience increased pumping to meet human demands for water. In this paper, we pay special at tention to the Santa Cruz Valley Aquifer, one of 4 aquifers currently being assessed as part of the USA−Mexico Transboundary Aquifer Assessment Program (TAAP). The Santa Cruz Aquifer is subject to climate impacts on future water supply and variability, including flooding and drought. Evolving institutional arrangements to address these challenges are asymmetrical on opposite sides of the border, as detailed below. Fig. 1 shows the location of the Santa Cruz aquifer, shared between the states of Arizona and Sonora.
Historical antecedents demonstrate that water resources have always been crucial to human settlement and economic development in the Santa Cruz valley. During the Holocene, native peoples related to the present day Tohono O'odham inhabited riverine environments in the study area. Irrigation was practiced, but few remnants exist of large-scale irrigation works such as those employed by the Hohokam along the lower Santa Cruz, Gila, and Salt Rivers to the north. Europeans first made forays into the region in the mid-16th century, and established numerous settlements along the river. With Mexican independence from Spain in 1810, the region came under Mexican jurisdiction. Before the USA acquired the area north of the current border through the 1854 Gadsden Purchase (Tratado de la Mesilla), the Santa Cruz River occupied a more central location in the Mexican state of Sonora. This socio-political shift brought with it new technologies, some of which allowed for increased exploitation of groundwater. The middle and upper Santa Cruz River basin experienced increasing use of groundwater, mostly due to agricultural and urban expansion in Tucson and Ambos Nogales (i.e. the town of Nogales on both sides of the border). Ground water increasingly be came the principal source of water to supply Tucson, Nogales, Arizona, and Nogales, Sonora (Logan 2002) .
During the early 20th century, Mexico and the USA negotiated a series of agreements related to the border. Transboundary water resources were the subject of the 1944 treaty titled 'Utilization of Waters of the Colorado and Tijuana Rivers and of the Rio Grande,' which renamed the International Boundary Commission, created in 1889, as the International Boundary and Water Commission Following this introduction and brief review of historical water use in the Santa Cruz River Valley, we present data and methods for our assessment of current and future demand for water resulting from projected population growth. We apply climate model simulations for precipitation under multiple emissions scenarios to the water balance and examine the implications for future water demands. Following this, we compare water management regimes on both sides of the border and review instances of effective cooperation as well as challenges. This section also presents salient information on the TAAP. The con cluding section addresses future binational aquifer assessment priorities in light of the findings of this paper. Richard et al. 2000 , Drewes et al. 2002 . On the USA side of the border, the 3 main sedimentary/ alluvial units are the Nogales Formation, the Older However, storage in Younger Alluvium aquifers tends to be extremely limited, to the degree that the City of Nogales, Arizona regularly varies pumping rates from well to well in order to maintain adequate water levels. Hydraulic conductivities of the Older Alluvium tend to decrease from north to south and range from 1 to 10 m d −1 and that of the Nogales Formation is typically less than 0.3 m d −1 except in fractured zones where it may be higher. The thickness of the Nogales Formation in some areas exceeds 1000 m. Thickness of the Older Alluvium ranges from a few meters to greater than 300 m while that of the Younger Alluvium is typically less than 50 m with widths highly variable and ranging from less than 100 m to about 5000 m.
DATA AND METHODS

The
Key elements of the water budget, in millions of cubic meters (MCM) and thousands of acre-feet (kAF), in the USA portion of the Santa Cruz basin are shown in Fig. 3 . Evapotranspiration (ET) from natural vegetation is the largest component, with groundwater extraction for human uses split 51 and 49%, respectively, between agriculture and municipal/ industrial uses. Water availability linked to climatic factors is highly variable (Figs. 4 & 5) . This variability, coupled with the locally limited extent and high permeability of the aquifer, result in significant intraand inter-annual fluctuation in water levels (Shamir et al. 2007) , raising the need for careful management, not just of the aggregate water budget, but more importantly, of the spatial and temporal distribution of pumping and recharge. The water budget in the Sonoran portion of the Santa Cruz does not account for riparian ET, a deficiency that the planned assessment process aims to address. The human use components are presented in Fig. 6 . Note particularly the preponderance of urban/ industrial use compared to agriculture, indicating the relatively limited ability to meet future demand for urban growth through reallocation. As we discuss below, transboundary wastewater flows represent a resource that Sonora will need to address directly. These flows are not accounted for in the outflow component in Fig. 6 but are conveyed to Arizona through a sewer line to the Nogales International Wastewater Treatment Plant (NIWTP; see further details below). Table 1 synthesizes current estimates of the water balances for the USA (Santa Cruz AMA) and Mexican portions of the Santa Cruz aquifer. Both demonstrate positive balances, i.e. withdrawals are currently lower than recharge.
Based on these data, we consider climate and human-demand impacts on projected future water budgets. Methods are described in each subsection below. 
Climate change and variability
Climate change can have marked impacts on groundwater (Loaiciga 2003 , Earman & Dettinger 2011 . In this region, variable aquifer recharge represents a major source of water supply risk for dependent populations on both sides of the border. The criteria we applied in reviewing multiple global climate models were guided by consideration of model skill in simulating dominant regional climate (Brekke et al. 2008) . For the region comprising the Santa Cruz binational aquifer, the North American Monsoon (NAM) is the major source of annual precipitation (Lin et al. 2008) , which averages 407 mm annually in Ambos Nogales. The NAM is considered to represent the most important source of water for recharge. We ) among all 15 general circulation models evaluated). Fig. 7 (IPCC 2007) 4th Assessment Report (AR4) scenarios used, A1B is considered conservative with lower carbon emissions than A2 and less optimistic (more carbon) than B1. However, since the AR4 was published, actual emissions for recent years have exceeded levels for all these scenarios as well as the most pessimistic (highest carbon) A1FI levels (Raupach et al. 2007) . Fig. 7 indicates that precipitation will change over the 21st century by −21 to + 20% de pending on the emissions scenario. A1B precipitation is the least variable with an increasing trend over the century; B1 and A2 are highly variable, with B1 simulating a decreasing trend. All scenarios exhibited in creasing temperatures , Magaña et al. 2012 , which combined with projected prolonged heat waves (Diffenbaugh et al. 2005) , are expected to raise de mand for groundwater while diminishing recharge.
Urban growth and increasing water demand
Human withdrawals have important impacts on the water balances. Recent population data indicates that the border between the USA and Mexico is experiencing rapid economic and population growth, de spite the 2008 to 2009 financial turmoil and real estate downturn (Norman et al. 2010) . In this region of limited surface water supplies, the water demands of growing populations and increasing economic activity are met using groundwater.
Arizona is one of the fastest growing states in the USA, with population growth taking place mostly in towns and cities (Colby et al. 2007 ). In tandem with the growth trends on the USA side of the border, Mexican border states and cities continue to ex pe ri ence growth in population and econo mic activity that outpaces the national average. Border sister cities have populations that are significantly greater on the Mexican side than on the USA side (Varady & Morehouse 2004 ), e.g. Fig. 8 . In Santa Cruz County, Arizona, (where the Santa Cruz aquifer is located), the population is currently growing at 1.3% yr −1 and is projected to continue growing into the next century (Arizona Department of Commerce [ADC] 2006). In the municipalities of Nogales and Santa Cruz, Sonora, the population is larger and is growing more rapidly at 1.6% yr tion; both municipalities rely on the Santa Cruz aquifer. The Sonora population is projected to stabilize by about 2060, earlier than in Arizona, as shown in Fig. 8 . As the demographic models used for these projections differ, any multi-decadal projection is subject to considerable uncertainty. For the Mexican side of the border, the municipio (roughly equivalent to a USA county) is the unit for population analysis. The Mexican projections take into account regional immigration and emigration from the municipio, as well as net international migration ( Rapid population growth that occurs primarily in urban centers has 2 principal implications for groundwater resources. First, 'human consumption' of water (consumo humano) has priority over other uses in Mexican federal legislation, and as a result installed pumping capacity for urban water supply is expected to continue to grow. Second, Nogales, Sonora, currently has a relatively low per capita water supply of 180 liters per capita per day (lpcd). This figure includes residents who receive piped water supply (Organismo Operador Municipal de Agua Potable, Alcan ta rillado y Saneamiento [OOMAPAS] & Alliance to Save Energy [ASE] 2008). In addition, there is a large and growing population living in informal settlements (colonias marginales) without access to household-level water supply (Wilder et al. 2011) , whose water consumption is less than half of 180 lpcd. Plans to extend supply to these under-served communities will undoubtedly continue to exert pressure on Santa Cruz aquifer resources. OOMAPAS is the municipal water utility in Nogales, Sonora. It uses 3 pumping areas to supply the urban population. The Mascareñas well field, which is located on the Santa Cruz River, currently produces 213 l s Nevertheless, for groundwater resources that are already under pressure (see previous section), these growth projections have serious implications. Per capita water use in Arizona is diminishing but is not expected to drop by a half to offset the approximate doubling of population before it stabilizes. In the absence of new sources of supply, this implies reallocation of water currently used in agriculture and reuse of effluent for human purposes (landscaping irrigation and/or, potentially, indirect potable use through recharge of effluent and ground-water pumping for potable supplies). The water supply situation in Sonora is more challenging given the larger increases in absolute population numbers and the fact that close to half the water demand is already being met through inter-basin transfer from Los Alisos basin to the south.
Relative climate and human drivers of groundwater balance
To illustrate the implications for the Santa Cruz aquifer of climate variability coupled with growing water demand, we undertook a sequential climate and human-demand forcing of the combined USA− Mexico aquifer balance, following Loaiciga (2003) . Current recharge was held constant and the partial effect of urban water demand was examined by increasing this in proportion to population growth. Next, the partial effects of climate change scenarios (A1B, B1, and A2) were calculated by varying recharge with projected precipitation (see justification of this assumption below). Finally, the combined effects of population growth and precipitation-based recharge were calculated.
Our assumptions are as follows. The average ratio of annual recharge to precipitation over wet and dry years for which data were available (1998 to 2002; from Erwin 2007) was applied to the modeled 2000 to 2099 precipitation series, in order to estimate annual recharge series. Even when precipitation is highly seasonal, all other factors being constant, the resulting annualized natural recharge (water flowing across the water table from non-anthropogenic sources) approaches a constant percentage of annual precipitation. It is therefore appropriate to estimate natural recharge in this manner (Pool & Dickinson 2006) . Nelson (2007) , and Flint & Flint (2007) estimated recharge as a percentage of precipitation. Nelson (2007) used constant values for both mountain front and tributary recharge in the Santa Cruz, and Flint & Flint (2007) used a recharge rate of 15% of mountain precipitation for their work on basins throughout the southwestern USA. Our analyses are intended to illustrate trends (Fig. 9) resulting from variability in aquifer balance recharge and withdrawal components. Table 2 shows the simulation results of the water balance components that are influenced by projected future changes, i.e. recharge varies with climate change and urban/industrial demand for water varies with population growth. As expected, the A1B results with increasing precipitation trends indicate the highest recharge, while those for B1 indicate the lowest recharge. Although the results suggest that the aquifer will remain in positive balance under projected future conditions (and would thus likely contribute to surface baseflow), the relative USA and Mexico shares of the balance are not addressed.
RESULTS AND DISCUSSION
For further analysis, we omit the A2 scenario, given that its precipitation projections to the year 2099 (+ 2.5% compared to the 2000 to 2009 mean precipitation) are between those of B1 (−20.9%) and A1B (+19.9%), as seen in Fig. 7 . Fig. 9 shows the results of the projected urban and industrial water supply sufficiency for Nogales, Sonora.
The implications of the scenario analysis displayed in Fig. 9 are 4-fold.
(1) Water service expansion in So no ra will require additional investment in infrastructure to meet the rising share of demand that will need to come from non-aquifer sources and conservation. After 2060, population is projected to stabilize in Nogales, Sonora, and the aquifer is expected to enter a phase of heightened demand management, conservation, and water reuse. While the simulation for the A1B scenario indicates that the period from 2060 through to the end of the century may be characterized by increased rainfall (and thus re charge), the simulation for the B1 scenario indicates that the second part of the century will result in greater unmet demand. (2) Water to supply growing urban de mands will need to be accessed from agriculture, waste- water, and out-of-basin sources, such as currently pumped from Los Alisos basin. We estimate that after 2060 half or more of total demand will need to be met from non-aquifer sources. (3) Climate change, as simulated by the HadCM3 A1B and B1 scenarios, drives significant variability in water availability. The generally shallow Mexican portion of the aquifer means that recharge variability translates into water supply variability on an annual basis. (4) In the absence of water importation and with agricultural water use and rights increasingly appropriated for urban demand, it is inevitable that wastewater will be seen as a resource to meet urban demand. This has major implications for binational negotiations over effluent treated and released on the USA side by the Nogales International Wastewater Treatment Plant (NIWTP, operated by the USA Section of the IBWC) and for the downstream riparian corridor in the USA that depends on effluent flows.
What is particularly relevant is the transboundary contrast in water balances and demand. Thus, we turn next to an ongoing set of binational assessment activities that seek to address these contrasts in the context of limited data on which to base management decision making.
AQUIFER ASSESSMENT PROCESS
The analyses reported in this paper were conducted as part of the USA−Mexico TAAP, with relevant background as follows. Growing de mand for groundwater in the USA−Mexico border re gion has raised the profile of transboundary groundwater resources in the USA. As a result, the USA− Mexico Transboundary Aquifer Assessment Act ('the Act') gained approval of the 109th Congress of the USA and was signed into law by the President on December 22, 2006. The purpose of the TAAP is to provide state, national, and local officials with information to address pressing water resource challenges in the USA−Mexico border region. As finalized, the Act authorizes the Secretary of the Interior, through the USA Geological Survey (USGS), to collaborate with the states of Arizona, New Mexico and Texas, as well as Mexico and others, to conduct hy dro logic characterization, mapping and assessments of priority transboundary aquifers. The TAAP has an appropriations ceiling of US$50 million over 10 yr, although funds are appropriated annually and ex pected to be split equally among the states of Arizona, New Mexico, and Texas. California determined it would not participate. Each of the 3 participating state's funds are to be split equally between the USGS and that state's Water Resources Research Institute (WRRI), located at one of the state's universities as stipulated by the Water Resources Research Act. The WRRIs have active, ongoing partnerships with the USGS. This mechanism for TAAP implementation is a unique model of federal agency−university center partnership for program implementation.
For Arizona, the 2 priority transboundary aquifers established in the legislation are the Santa Cruz River Valley and San Pedro aquifers. An ongoing and intensive process of water resources management, coordinated by the Upper San Pedro Partnership in the USA, has generated scientific investigation and policy assessment for the San Pedro River and aquifer, even though the binational aquifer itself has not been the focus. As a result, for this paper, we determined that focusing on the Santa Cruz Aquifer would contribute to broader understanding.
The process of binational consultation and priority setting for the Santa Cruz aquifer began in 2007. Reflecting the TAAP's design of federal−state collaboration on the USA side, the Water Resources Research Center (WRRC, the state's designated water re sources institute located at the University of Arizona) and USGS's Tucson office form the de facto TAAP− Arizona executive committee. A technical committee was identified, largely through selfselection of interested stakeholders, to review existing studies, both hydrogeological and institutional in nature, leading ultimately to the prioritization of aquifer assessment activities, research, and additional exchange of information among stakeholders. The timing and amount of TAAP financial resources also played a determining role in the pace that could be maintained, i.e. initial funding during fiscal years 2007 to 2008 and 2008 to 2009 were sufficient to cover a TAAP coordinator and modest support for field trips (one each on the USA and Mexican sides during mid-2008). Increased funding in 2009 to 2010 allowed additional work to be undertaken, under the provision that USA funds could be used for TAAP activities in Mexico on the condition that Mexico provided a 50% cost match in cash or kind. However, lack of USA federal budget support in 2010 to 2011 meant that activities are be ing continued using existing funding. Future funding will be critical to the outcome of the program.
As a result of the consultation and technical exchanges outlined here, the technical committee report includes the following, reflecting priorities on both sides of the border: 'The consultation process for the aquifer has identified water availability (implying concomitant water quality) to meet growing demands as the overarching goal. The implications of climate change and variability are also important concerns'. We summarize the priorities identified as: (1) water availability for urban areas particularly to meet peak summer demands, (2) linked surface and groundwater systems that are a primary mechanism of aquifer recharge, (3) water quality of aquifers used for potable supply, and (4) comparative assessment of institutions for the management of water resources.
Institutional asymmetries in governmental function (Milman & Scott 2010 , Megdal & Scott 2011 ) require careful consideration when developing a bi national plan of study. For example, under Mexican water law, the federal government is responsible for surface and groundwater rights (Mumme 2000 , whereas individual states in the USA oversee groundwater use and much surface water use. By treaty, the IBWC (USA section) and CILA (Mexican section) serve as the binational coordination mechanism for surface water, including in some instances cross-border wastewater treatment. In the USA, however, the IBWC has very limited responsibility for groundwater and the TAAP authorizing legislation established the USGS as the lead federal agency.
In this context, the binational assessment process in the Arizona−Sonora region has identified priority technical and management studies that require additional investment. Currently, TAAP 2009 to 2010 funds are being used to generate new hydro-climatological and institutional data.
CONCLUSIONS
The HadCM3 model results assessed herein indicate that precipitation projections in the study area depend on the emissions scenario used, and may be expected to change by −21% to 20% over the 21st century. Precipitation projections for the A1B emissions scenario show increasing trends, while projections for the B1 and A2 scenarios are highly variable and the B1 projection indicates a decreasing precipitation trend. All projections exhibited increasing temperatures. These scenarios raise the specter of longer, more se vere droughts (Magaña et al. 2012) . Combined with the implications of increased tropical storms and intense precipitation (Karl et al. 2009 ), the likelihood of future flooding is significant.
The availability of groundwater in the USA− Mexico border region is compounded by growth in demand driven by increasing population and climate-induced variability in recharge. The Mexican portion of the Santa Cruz aquifer already supports much less agriculture and much more urban use than does the USA portion of the aquifer. As a result, there is little remaining agricultural water to transfer to urban use for Nogales, Sonora. If growth continues as projected, additional water will be required from outside the Santa Cruz aquifer and basin; this is already underway from the Alisos Basin to the south of Nogales, Sonora. The USA side has slower population growth, but is projected to continue expanding for a longer time. In the short-and medium-term, transferring water out of agriculture in the USA may offset growth-driven water demand. Also, on the USA side of the border, the Arizona Department of Water Re sources (ADWR) has prioritized maintaining safe-yield conditions (where pumping equals estimated groundwater recharge) in the Santa Cruz Active Management Area (SCAMA). Currently, the City of Nogales in conjunction with the SCAMA and Santa Cruz Grandwater Users Advisory Committee is in consultation with the US Bureau of Reclamation to explore potential enhancement of the municipal water supply through augmentation using water sources.
Wastewater is a critical resource to support overall water demand; currently, it is largely generated in Mexico and meets riparian evaporative demand on the USA side. However, as the resource value of wastewater increases, Mexico may opt to capture, treat, and reuse wastewater to meet its own growing water demand. This is currently underway with the construction of the Los Alisos wastewater treatment plant that takes a share of the wastewater from Nogales, Sonora, back over the watershed divide into the Alisos basin where it will be treated and released. A significant share of the wastewater generated in Mexico will continue to flow to the USA, requiring ongoing technical and organizational collaboration. If Mexico opts to retain control over effluent currently treated at the NIWTP, the most significant repercussion may occur along the riparian area and associated cottonwood/willow gallery forest directly downstream from the treatment plant. There has not been extensive analysis of potential scenarios if this source of surface flow is reduced.
In the context of differing institutional arrangements for water management in the USA and Mexico, a binational consultation process to establish priority assessment activities for the shared Santa Cruz aquifer as part of the TAAP has demonstrated the value of technical exchanges, ongoing consultation, and consensus building through joint field visits.
The role of binational institutions, in this case IBWC/ CILA and the Arizona−Mexico Commission, is critical for the exchange of information; however, collaborative mechanisms initiated and pursued more locally, in this case between Arizona and Sonora, offer greater possibilities for sustained exchange of information. The successful example of the Santa Cruz priority-setting process by TAAP−Arizona is based on binational collaboration incorporating federal, state, and local agencies, universities, and civil society. The role played by university and agency researchers in devising collaborative mechanisms complements regulatory functions and civil society's advocacy positions. 
